The RET proto-oncogene encodes two major isoforms, RET9 and RET51, which differ at the carboxyl-terminal. Loss-of-function mutations in RET result in gut aganglionosis while gain of function mutations result in cancer syndromes. From studies on transgenic mice, RET9 is important for early development of the kidney and the enteric nervous system. Little is known about the function of RET isoforms in later life. Here we report the expression of RET isoforms and its signalling complex, GDNF and GFRa1, in foetal and adult human kidneys. We found their expression in both the developing and the adult renal collecting system. We further show that only RET51 but not RET9 could promote the survival and tubulogenesis of mIMCD3 (mouse inner medullary collecting duct) cells in collagen gel. Our results agree with the hypothesis that RET51 signalling is related to differentiation events in later kidney organogenesis. In addition, it may also have a function in the adult kidney. We further extend our study by showing increased RET and GDNF expression in collecting duct cysts of polycystic kidney patients. This suggests that GDNF/RET signalling may contribute to proliferation of the collecting duct epithelium in an autocrine/paracrine manner.
Introduction
The c-RET proto-oncogene (RET) encodes a member of the receptor tyrosine kinase (RTK) family (Takahashi and Cooper, 1987) . In addition, RET contains four cadherin-like domains in the extracellular region making it also a distant relative of the cadherin superfamily. This suggests that RET may play a role in cell -cell or cell -matrix interaction (Iwamoto et al., 1993; Anders et al., 2001) . Activating mutations of RET are implicated in a number of human diseases including multiple endocrine neoplasia types 2A and 2B and familial medullary thyroid carcinoma (Pasini et al., 1996; Edery et al., 1997) . On the other hand, lossof-function RET mutations are associated with Hirschsprung's disease (congenital megacolon) which is the most common congenital defect affecting the development of the enteric nervous system (Pasini et al., 1996) . In the absence of its ligand, RET can induce caspasedependent apoptosis. Some of the RET mutations found in Hirschsprung's patients render this RET proapoptotic activity ligand insensitive (Bordeaux et al., 2000) .
RET activation is triggered by members of the glial cell line-derived neurotrophic factor (GDNF) family including GDNF, neurturin, persephin and artemin. Each contains seven cysteine residues with the same motif as transforming growth factor b (Lin et al., 1993) . High affinity binding of RET to its ligands is mediated by complexing with members of glycosyl-phosphatidylinositol linked protein termed GDNF family receptor alpha: GFRa1-4 (reviewed by Manie´et al., 2001) . There are two main isoforms of RET which diverge after amino acid 1062. The terminal 9 amino acids of the short isoform (RET9) are replaced by 51 amino acids in the long isoform (RET51) derived from alternative splicing. The sequence carboxyl-terminal to Tyr1062 has been shown to influence the binding affinity to Shc (Ishiguro et al., 1999) . Transgenic mice expressing the Cys634Arg MEN2A mutation in RET51 cDNA developed follicular tumours (Reynolds et al., 2001) in addition to medullary thyroid carcinoma seen in MEN2ARET9 mice (Michiels et al., 1997) . These data clearly suggest that the signalling pathways of the two RET isoforms are distinct.
Similar to other oncogenes, RET is important for normal development. GDNF/RET signalling plays an important role in forming the enteric nervous system and the kidney. In mice, ret is expressed in the nephric duct and growing tips of the ureteric bud while the metanephric mesenchyme expresses gdnf during branching morphogenesis (Pachnis et al., 1993; Chan and Lee, 1998) . The mesenchymal cells condense around the tips of the growing ureteric bud and convert to epithelial cells, forming the renal vesicle. Through a series of invagination and elongation, one end of the renal vesicle fuses with the ureteric bud to become the distal tubule of the nephron and the other end further differentiates to become the proximal tubules and Bowman capsule. The ureteric duct undergoes repeated branching in parallel, forming the collecting tubules and collecting ducts. Homozygous null ret mutant mice died because of gut aganglionosis and renal agenesis or severe dysgenesis. Renal agenesis is due to failure of the ureteric bud to evaginate from the nephric duct and to branch in the metanephric mesenchyme (Schuchardt et al., 1994 (Schuchardt et al., , 1996 Hellmich et al., 1996) . Null mutants of gdnf or gfra1, but not of neurturin, gfra2 or gfra3, display phenotypes similar to the ret-null mutant mice (reviewed by Manie´et al., 2001) . Strikingly, breeding of transgenic mice expressing RET9 but not RET51 with ret null mice apparently rescues their kidney phenotype (Srinivas et al., 1999) . The importance of ret9 in early kidney development is shown by the fact that monoisoformic ret9 mice, which lack ret51, are viable and appear normal. In contrast, monoisoformic ret51 mice are similar to ret null mutants (de Graaff et al., 2001) . Much remains to be established about the role of RET signalling in later life. Studies using transgenic loss-offunction and overexpression mice have shown that the dosage of GDNF produced by Sertoli cells regulates cell fate decisions of undifferentiated spermatogonia (Meng et al., 2000) .
In human kidneys, RET51 expression increases rapidly at 9 weeks of gestation in contrast to the stable RET9 expression throughout development (Ivanchuk et al., 1998) , suggesting that RET51 may contribute to differentiation-related events. Expression of RET isoforms was examined at the RNA level with RT -PCR. In contrast, little is known about the protein expression and cellular localization. Here we report the RNA and protein expression of RET isoforms and its signalling complex, GDNF and GFRa1, in both the developing and the adult collecting system. We further investigated their functional roles by establishing mIMCD3 clones expressing either RET9 or RET51. The cell line mIMCD3 was derived from individual tubules in the terminal region of the inner medullary collecting duct of a T-antigen expressing transgenic mouse and retained many of the differentiated characteristics of its tubular origin, such as adaptation to hyperosmotic conditions (Rauchman et al., 1993) . We demonstrated that only RET51 but not RET9 could promote the survival and tubulogenesis of mIMCD3 cells in collagen gel.
Overexpression of proto-oncogenes of importance in kidney development and/or apoptotic disorder leading to constitutive proliferation of renal epithelial cells is associated with cyst formation and progressive enlargement in adult polycystic kidney disease (APKD). The cystic epithelium shares common functional characteristics with the developing epithelium of renal tubules (Lanoix et al., 1996) . We therefore examine the expression of RET and its signalling components in APKD specimens. We found that GDNF and RET isoforms were highly expressed in collecting duct cysts but not in cysts of other tubular origin. This suggests that abnormal RET signalling may enhance the enlargement of collecting duct cysts in APKD.
Results

Expression of transcripts for RET isoforms, GDNF and GFRa1 in human kidneys
Foetal and adult kidney mRNA samples were analysed by RT -PCR using one common upstream primer and two downstream primers corresponding to RET9 and RET51. Transcripts for both RET isoforms were detected at both stages. Using the same amount of cDNA, the expression of RET51 was found to be lower than RET9 and the expression level was developmentally regulated, with a lower level of expression in the foetal kidney (Figure 1a,b) .
GDNF and GFRa1 transcripts were also detected by RT -PCR. For GDNF, two PCR fragments (620 and 580 bp) could be amplified from both developing and adult kidneys by using GDNF specific primers that flank exon 2 and exon 3. The major 580 bp fragment Figure 1 RT -PCR analysis on human kidneys using primers corresponding to RET short isoform (a); RET long isoform (b); GDNF (c) and GFRa1 (d). b-actin PCR control is shown in e. Lane 1: foetal kidney cDNA; Lane 2: foetal kidney mRNA; Lane 3: adult kidney cDNA; Lane 4: adult kidney mRNA; Lanes 5 and 6: positive and negative controls respectively. The positive controls used were cell lines expressing RET for a and b, a GDNF plasmid for c and mouse embryonic kidneys for d. Water was used instead of cDNA in negative controls was generated by an additional splice donor site within exon 2 and the normal splice acceptor site in exon 3 (Grimm et al., 1998) . A similar level of GDNF expression was found in foetal and adult kidneys. Strong expression of GFRa1 was also detected at both stages (Figure 1c,d ).
Localization of proteins and transcripts for RET isoforms, GDNF and GFRa1 in human kidneys
Since the transcripts for RET and its signalling components were detected in foetal and adult kidneys, we further investigated the cellular localization of the transcripts and the encoded proteins by in situ hybridization and immunohistochemistry respectively. Five normal adult kidneys of either sex were employed for the investigation.
The specificity of RET9 and RET51 antibodies we used was confirmed by Western analysis on cells transfected with a construct for expressing RET9 or RET51 ( Figure 5a ). No signal was detected when the RET9 antibody was used for probing RET51 clones and vice versa (not shown). The foetal human kidney follows a centripetal pattern of development, with more mature nephrons found towards the medulla. RET9 and RET51 were expressed in the epithelia of ureteric buds and their derivatives, the developing collecting ducts at various stages, with more intense staining reproducibly observed on the apical (luminal) side (Figure 2a -d ). In the adult kidney, expression of both RET isoforms was maintained in the epithelia of collecting tubules and collecting ducts. As shown in Figure 3a -d, RET51 staining was found to be distributed throughout the cell, whereas RET9 immunostaining was concentrated on the apical side. The tubular identity was confirmed by positive peanut agglutinin (PNA) staining ( Figure 3h ). PNA is a plant lectin that reacts with the cellular glycocompounds found on the apical side of epithelia of distal convoluted tubules and collecting ducts (Holtho¨fer et al., 1981) . The immunostaining was significantly reduced in the pre-absorption control (not shown). Our results showed that the two RET isoforms have different subcellular localization in collecting ducts, suggesting that they play different physiological roles in adult kidneys. GDNF and GFRa1 proteins were also expressed in collecting tubules and collecting ducts in adult kidneys. Interestingly, GFRa1 staining was more intense on the apical and lateral side in some cells ( Figure 3e ). Moreover, the immunostaining pattern of GFRa1 in the collecting duct was not uniform in the sense that the staining of individual cells in a particular tubule ranged from negative to intense as shown in Figure 3f . GDNF protein was more concentrated on the basal side of collecting tubules and collecting ducts ( Figure 3g ) suggesting that RET may function in an autocrine manner. Consistent with the results of protein localization, RET, GDNF and GFRa1 transcripts were found in collecting tubules and collecting ducts, with weaker GDNF expression in parallel experiments (Figure 4) . No signal was detected in consecutive sections using sense riboprobes as negative controls (not shown).
A cell culture system to investigate the role of RET isoforms in collecting duct cells
To gain insight into the roles of RET isoforms in adult kidneys, we further investigated the effect of RET activation in mIMCD3 cells. Endogenous expression of ret and its signalling components were investigated by RT -PCR and Western analysis. Strong expression of gfra1 transcript but weak expression of ret and gdnf transcripts was detectable in mIMCD3 cells by RT -PCR (not shown). Only GFRa1 protein was readily detected by Western analysis (Figure 5d ). We continued our studies by transfecting expression plasmids for the short and long isoforms of wild type human RET into mIMCD3 cells. In Western analysis, two products were detected for each isoform, representing RET with different degrees of modifications . We found that both the mature and the less mature forms of RET were phosphorylated and the level of phosphorylation did not appear to increase after GDNF stimulation (Figure 5b,c) . Furthermore, the level of exogenous RET9 expression decreased after several passages of culture in clones originally showing high RET9 protein expression. The results on one RET9 expressing clone (S25) from an early passage and two RET51 expressing clones (L6 and L11) were reported since high levels of RET expression in these clones could be demonstrated at the time of study on cell proliferation and morphogenesis (Figure 5a ). The results were representative of a total of one mock transfected clone, three RET9 and four RET51 clones studied. Since mIMCD3 expressed endogenous GFRa1, we investigated whether RET-independent signalling of GDNF was operating in this cell line. Previous study has shown that this pathway is through binding of GFRa1 to src (Poteryaev et al., 1999; Trupp et al., 1999) . By immunoprecipitation with the antibody to GFRa1 and Western blotting to src, association of src with GFRa1 was not demonstrated at 0, 1, 5, 10 and 15 min after GDNF stimulation (not shown).
Expression of RET inhibited cell proliferation
We then examined the growth rate of mIMCD3 cells expressing individual RET isoform. By monitoring the number of viable cells using tetrazolium salts XTT over 48 h, the proliferation rate of either RET9 or RET51 expressing cells was significantly slower than that of mock transfected (C2) and parental cells (Figure 6 ). RET9 and RET51 were able to inhibit collecting duct cell proliferation to a similar extent.
Expression of RET51 enhanced cell survival and tubulogenesis in collagen gel
To delineate the effect of RET isoforms in morphogenesis of collecting duct cells, RET isoform expressing clones were seeded as single cells in collagen gel. Both RET expressing and parental cells showed branching morphogenesis in medium with 5% FCS but they did not survive in serum free medium, indicating that survival and morphogenesis of mIMCD3 cells in collagen gel is a serum-dependent process.
However, when FCS concentration was reduced to 2%, the two isoforms appeared to have different effects Figure 2 Immunohistochemical analysis on a 30 week-old foetal human kidney. RET short (a,b) and long (c,d) protein isoforms were localized on the apical side of the developing (arrows) and more mature collecting ducts. GDNF staining (e) was also found in the collecting tubules. GFRa1 (f) stained intensely in collecting ducts and condensing S-vesicles (arrows). CD: collecting duct; CT: collecting tubules. Scale bar in a, c, e and f=0.5 mm; in b and d=0.1 mm on mIMCD3 cells (Figure 7) . RET51 expressing cells survived well and already formed tubules after 3 days.
In contrast, RET9 expressing cells failed to form tubules. These morphological changes were consistently Figure 3 Immunoperoxidase and PNA staining in adult human kidneys. Positive staining of RET long isoform (a,b) and GFRa1 (e,f) was localized in the cell membrane of collecting duct cells whereas RET short isoform staining (c,d) was more concentrated on the apical side of collecting duct cells. The staining pattern of GFRa1 was not uniform in the collecting duct. (g) GDNF stained more strongly on the basal side of collecting tubules. (h) The apical side of collecting tubules and collecting ducts was stained positively with PNA. CD: Collecting duct; CT: Collecting tubule. Scale bar in a, c, e, f, g and h=0.5 mm; in b and d=0.1 mm observed in three independent experiments and each experiment was conducted in triplicate. By day 7, RET51 clones already formed branching tubules (Figure 7 , inset c). Addition of epidermal growth factor (EGF) increased the degree of branching at day 7 but the increase in tubulogenesis observable on day 3 was not significantly different when compared to the same clone without growth factor treatment (Figure 7 ). Addition of GDNF had no apparent effect on any clones. Our results strongly suggest that expression of RET51 but not RET9 in collecting duct promotes cell survival and branching morphogenesis.
RET51 mediated cell survival and tubulogenesis through activation of p44/42 MAP kinases but not PI-3 kinase pathway Next, we investigated the downstream signalling pathway of RET induced tubulogenesis. We examined the levels of phosphorylation of p44/42 MAP kinases and AKT, a substrate of PI-3 kinase. Phosphorylation of p44/42 MAP kinases but not AKT was detected in RET expressing cells and the level of phosphorylation was much higher in RET51 expressing clones ( Figure  5e ). We further showed that PD98059, but not wortmanin, inhibited the survival of RET clones in collagen gel. Our data strongly suggested that RET51 promoted the survival of collecting duct cells by activating the p44/42 MAP kinases but not PI-3 kinase Figure 4 In situ hybridization analysis on adult human kidneys using (a) RET; (b) GDNF and (c) GFRa1 DIG-labelled riboprobe. Positive staining appeared purple. The sections were counterstained with methyl green. CD: collecting duct; CT: collecting tubule. No label was seen in sense controls. Scale bar=0.5 mm 
Expression of RET isoforms, GDNF and GFRa1 in APKD
We further investigated the association of RET expression and pathogenesis of APKD. As shown in Figure 8 , concurrent expression of RET9, RET51, GDNF and GFRa1 was found in the cytoplasm of PNA positive cystic epithelia in all nine cases of PKD, indicating that these proteins were expressed in cysts derived from the collecting duct. Besides, the level of expression of RET9, RET51 and GDNF increased in collecting duct cysts when compared to the normal collecting tubules in parallel experiments or in the same specimen whereas the level of GFRa1 expression remained high in adult as well as in all types of cysts in polycystic kidneys.
Discussion
RET/GDNF signalling has been shown to play a critical role in survival, migration and proliferation of neurons in the developing enteric nervous system (Taraviras et al., 1999) as well as for the inductive interaction between the ureteric bud and the metanephric mesenchyme during kidney development (Sainio et al., 1997; Batourina et al., 2001). However, little is known about the function of RET in later life. As a first step to further understand the role of RET in kidney organogenesis and function, we have performed a detail expression study of the two RET isoforms (RET9 and RET51), GDNF and GFRa1 in foetal and adult human kidneys. We have successfully demonstrated that RET9, RET51, GDNF and GFRa1 are not only found in collecting tubules and collecting ducts in the foetal kidney but also in the adult human kidney. Furthermore, the two RET isoforms have different subcellular localization. We further substantiate our finding by showing that RET51, but not RET9, enhance tubulogenesis of collecting duct cells in culture.
In adult kidneys, the spatial expression of both isoforms of RET, GDNF and GFRa1 in tubules of the collecting system suggests the possibility of autocrine stimulation. In mammals, the collecting duct is responsible for ion secretion and re-absorption (Brenner, 1996) . Different subcellular localization of RET isoforms in collecting duct indicates that RET isoforms may play differential roles. Expression of RET51 around the whole cell in collecting duct cells suggests that RET51 can receive signals from the circulation, surrounding cells or tubular fluid. On the other hand, RET9 is mainly expressed on the apical side of collecting duct suggesting that it receives signals from the tubular fluid. By RT -PCR, the level of RET51 expression in foetal kidney was lower than that of adult kidney in contrast to the relatively stable expression of RET9, GDNF and GFRa1. This suggests that RET9 instead of RET51 is important during the early stage of kidney development. This finding in humans is consistent to the recent report on the analysis of monoisoformic ret mice. Mice lacking ret51 are viable and appear normal whereas mice lacking ret9 display similar phenotype to the ret null mutant (de Graaff et al., 2001) . It remains to be established whether ret9 monoisomeric mice have subtle abnormalities in later life.
To gain insight into the different roles of RET isoforms in adult kidneys, we transfected collecting duct cells with either RET9 or RET51 human cDNA. Exogenous RET isoforms expressed in mIMCD3 cells were autophosphorylated and the level of phosphorylation was GDNF-independent. Since the level of endogenous GDNF was below detection, ligandindependent receptor dimerization may occur in transfected mIMCD3 cells which have high levels of RET and GFRa1. We also found that the rate of cell proliferation in mIMCD3 cells expressing either RET isoform was significantly lower than that of vectortransfected control and parental cells. On the other hand, GDNF/RET signalling pathway stimulates proliferation of neuronal cells (Taraviras et al., 1999) . The effect of RET signalling in cell proliferation is likely to be different in different cell types. We further examined the role of RET isoforms in morphogenesis of mIMCD3 cells by culturing the cells in collagen gel. Both RET expressing and parental cells formed tubules in medium containing 5% serum after 3 days of culture. Figure 6 Slower growth rate of RET expressing clones as determined by XTT cell proliferation assay (P50.05, unpaired student t-test). The differences between the growth rate of RET9 (S25) and RET51 (L6 and L11) clones were not statistically significant. C2: mock-transfected clone; CD3: parental mIMCD3 cells In contrast, no surviving cell was found in serum free culture medium. This is in contrast to the report that a RET51 expressing mIMCD3 clone could survive under serum-free conditions (O'Rourke et al., 1999) . In 2% serum, very few tubular structures were formed in control cells and RET9 expressing cells. However, extensive tubular structures were formed by mIMCD3 cells expressing RET51. To our knowledge, this is the first report on functional difference between wild type RET51 and RET9 in a cell culture system. We further show that survival and tubulogenesis in mIMCD3 cells is mediated by p44/42 MAP kinases. The differential function of RET isoforms may be related to their extent of kinase activity since RET51 contains an additional tyrosine residue in the cytoplasmic terminal (Tyr1096) which is a direct GRB2 docking site for p44/ 42 MAP kinase activation (Liu et al., 1996) . Recently, Fisher et al. (2001) have reported that branching morphogenesis of the ureteric bud is also regulated by the ERK/MAP kinase pathway.
What is the biological significance of RET expression at late foetal stages and in adults? One possibility is that expression of RET in collecting tubules simply reflects the origin of these cells from RET expressing precursors. However, given that all the components of RET signalling are found in a cell-specific manner in the kidney, we think this is unlikely to be the case. As our cell culture studies suggest, RET51 may play a role in tubulogenesis during foetal nephrogenesis. On the other hand, in the adult kidney, RET signalling may be important in tubule regeneration. In addition, RET could be involved in the maintenance of the normal homeostatic function of nephrons. The requirement for normal RET signalling is highlighted by the abnormal expression of RET signalling components in cases of APKD. Our studies demonstrated that the levels of expression of RET and GDNF in epithelia of collecting duct cysts were higher than that of the normal renal tubules. This suggests that GDNF/RET signalling may contribute to the pathogenesis of (L6 and L11) had a significantly higher percentage of tubulogenesis than RET9 (S25) and controls (P50.01, unpaired student ttest). C2: mock-transfected clone; error bars:+s.e.m. The results are representative of a total of one mock transfected clone, three RET9 and four RET51 clones studied APKD by acting in an autocrine/paracrine manner to stimulate cysts of collecting system origin to proliferate. This is in contrast to our finding on the role of TGFa, which is associated with cysts of various tubular origins . It will be very interesting to study the involvement of RET signalling in autosomal recessive polycystic kidney disease, with collecting duct cysts being a predominant feature. Our studies further extend the findings of in vitro and in vivo experiments which implicate GDNF/RET signalling in early stages of nephrogenesis and suggest that this signalling pathway is likely to have roles in normal renal function and in kidney disease pathogenesis during postnatal life.
Materials and methods
Human samples
Messenger RNA samples from a developing kidney at 16 weeks of gestation and from an adult kidney were purchased from Invitrogen Inc. Nine anatomically diagnosed APKD specimens, five normal kidneys aged 58 -67 years old and a developing kidney from a thalassaemic baby aborted at 30 weeks of gestation were from the Department of Pathology, the University of Hong Kong. Details of the APKD specimens and study on cyst origins with tubular markers were reported previously . All specimens were routinely fixed in 10% neutral buffered formalin and embedded in paraffin wax.
Cell culture and transfections mIMCD3 (CRL-2123, American Type Culture Collection) was cultured in 1 : 1 DMEM/F12 medium supplemented with 10% FCS. For transfection, mIMCD3 cells at 60 -70% confluency were transfected with pcDNA3RETSF and pcDNA3RETLF constructs (kind gifts from Dr V Pachnis, NIMR, UK) using Fugene 6 transfection reagent (Roche) as described by the manufacturer's protocol. Transfected cells were cultured for 12 -18 h and then selected in 1 mg/ml of G418 sulfate (Geneticin, Gibco) for 10 -14 days. G418-resistant clones were isolated and screened for RET expression by RT -PCR and Western analysis.
RT -PCR
Total RNA from culture cells was isolated by RNeasy Mini Kit (Qiagen). The quality of RNA was tested by gel electrophoresis. About 1 mg of total RNA or 0.5 mg of kidney mRNA was denatured with 0.5 mg of oligo-dT primer and 0.5 mM dNTP at 708C for 10 min. To the mixture, 56 first stranded buffer (Gibco), 10 mM dithiothreitol, 20 units of RNase inhibitor (Pharmacia) and 200 units of Superscript II reverse transcriptase (Gibco) were added to a total volume of 20 ml and incubated at 428C for 1 h. Two microliters of cDNA were employed in a 25 ml PCR mixture containing 16PCR buffer (Roche), 0.2 mM dNTP, 5 pmoles of each primer and 1.5 units of Taq DNA polymerase (Roche). Forty cycles of PCR were performed at 948C, 1 min; 548C, 1 min and 728C, 1 min as well as a final extension step of 728C for 10 min. Same temperature profile but 35 cycles were applied for amplification of b-actin. The primer sequences (5' to 3') are: RET9 and RET51 forward (AACCCCTACCCTGGA-ATTCCT), RET9 backward (ATCACAGAGAGGAAGGA-TAGT), RET51 backward (TCGGCTCTCGTGAGTGGT), GDNF (TATGGGATGTCGTGGCTGT and TCCACA-CCTTTTAGCGGAAT), GFRa1 (AATGCAATTCAAGC-CTTTGG and GGAGCAGCCATTGATTTTGT) and bactin (GATGATATCGCCGCGCTCG and ATGAGGTA-GTCTGTCAGGT).
Immunohistochemistry
The immunohistochemical and PNA staining procedures were previously described in Lee et al. (1998) . Antibodies and working dilutions were: RET51 (Santa Cruz, 2 mg/ml); RET9 (Santa Cruz, 1 mg/ml); GDNF (Santa Cruz, 2 mg/ml); GFRa1 (Transduction Lab, 1 mg/ml); Rabbit anti-goat labelled with HRP (Zymed, 1 : 300); Goat anti-rabbit labelled with HRP (DAKO, 1 : 300) and PNA labelled with FITC (Sigma, 1 mg/ml).
DIG-labelling riboprobe and in situ hybridization
The DIG-labelling procedures were according to the instructions of DIG-labelling kit (Roche). The integrity of riboprobes was checked by agarose gel electrophoresis. Titration of riboprobes and non-radioactive in situ hybridization procedures were modified from the manufacturer's manual. Briefly, sections were de-paraffinized and hydrated through ethanol series. After washing twice with DEPCtreated water and PBS for 15 min, sections were fixed with 4% PFA for 20 min and washed twice with 0.1% DEPC in PBS for 15 min. Sections were then washed with 56SSC for 15 min. Tissue sections were pre-hybridized with a cocktail of 56SSC, 50% formamide and 40 mg/ml salmon sperm DNA at 588C for 2 h. After denaturing at 808C for 5 min, 40 ml of riboprobe (400 ng/ml) was added to sections and incubated in an airtight container saturated with 50% formamide and 56SSC buffer at 588C for 18 -24 h. The hybridized sections were washed with 26SSC at room temperature for 30 min, 26SSC and then 0.16SSC at 658C for 60 min each. The hybridization signal was detected by using DIG-labelling detection kit (Roche). Colour development was stopped by washing with TE for 5 min and sections were counterstained with methylgreen.
Western blotting and immunoprecipitation
To study RET activation, subconfluent cells were serumstarved for 24 h. Cells were treated with recombinant GDNF (Sigma) at 50 ng/ml for 15 min and washed once with PBS, then lysed with 0.8 ml of immunoprecipitation (IP) buffer (10 mM Tris pH 7.4, 1 mM EDTA, 1 mM EGTA, 0.5% Nonidet P-40, 1% Triton X-100, 150 mM NaCl, 100 mg/ml phenylmethylsulfonyl fluoride, 1 mg/ml aprotinin, 2 mM sodium orthovanadate) on ice for 15 min. The lysate was clarified by centrifugation and quantitated by using the BioRad Protein Assay kit. Protein samples (200 mg) were denatured in sample buffer (125 mM Tris pH 6.8, 4% SDS, 20% glycerol, 5% b-mercaptoethanol, 0.01% bromophenol blue) for 5 min and size-separated by 7.5% SDS -PAGE. Specific proteins were detected by antibodies against RET9 (Immunobiological Lab, 0.2 mg/ml); RET51 (Santa Cruz, 0.2 mg/ml); GFRa1 (Transduction Lab, 0.1 mg/ml); Phosphotyrosine labelled with HRP (Transduction Laboratories, 1 : 8000); p44/42 MAP kinases (Cell signaling, 1 : 1000); phospho-p44/42 MAP kinases (Cell signaling, 1 : 1000); btubulin (Santa Cruz, 0.2 mg/ml); Goat anti-rabbit IgG labelled with HRP (Transduction Lab, 1 : 4000); Rabbit anti-goat IgG labelled with HRP (Zymed, 1 : 5000) and was revealed by ECL Detection Reagent (Amersham). For immunoprecipitation, protein samples of 500 mg were immunoprecipitated with 1 mg of specific antibody in IP buffer at 48C for 1 h. The immunocomplex was then bound by 20 ml of Protein A plus agarose beads (Calbiochem) for 1 h. After washing six times with cold IP buffer, the complex was resuspended in sample buffer, resolved by SDS -PAGE and detected by Western analysis as described above.
Cell proliferation assay
Cells were seeded in triplicate at 1610 4 cells per well in 100 ml culture medium. After 24 h, 50 ml of XTT labelling mix (Proliferation Kit II, XTT, Roche) was added to each well. The formazan reaction product was measured after 3, 8, 24, 30 and 48 h at 450 nm.
Three dimension collagen gel culture
Collagen gel culture procedures were adapted from Pollack et al. (1998) with authors' modification. Cells were passaged 1 day before being seeded in collagen. Cells were trypsinized and triturated into a single-cell suspension of 2610 4 cells/ml in a mixture containing DMEM, 3.5 mg/ml L-glutamine, 20 mM HEPES pH 7.6, 66% Type I collagen from rat tail (4.19 mg/ml, Collaborative Biomedical Research). Cells in collagen mix (200 ml) were dispensed in triplicate in a 24-well plate. DMEM/F12 with 2% FCS, with or without GDNF (Sigma, 10 ng/ml) and EGF (Sigma, 10 ng/ml), was overlaid onto the collagen gel and cells were cultured at 378C, 5% CO 2 . Cells were examined under inverted microscope daily and re-fed every 2 days. After 3 days, 4 -5 arbitrary selected microscopic fields, each with 30 -40 cells, were counted independently by two experienced investigators. The mean percentage of cells displaying tubulogenesis in each category was compared using unpaired student t-test. To investigate the requirement of p44/42 MAP kinases and phosphatidylinositol-3-kinase in tubulogenesis, specific inhibitors PD98059 (BioLabs, 100 mM) and wortmanin (Sigma, 200 nM) were used in the collagen gel culture system.
